Achieving the fast mixing requirements posed by the chemical, biological, and life science community for confined microchannel flows remains an engineering challenge. The viscous and surface tension forces that dominate conventional micro-flows undermine fast, efficient mixing. By increasing the collisional velocity of reagent droplets, inertia can be exploited to increase mixing rates. This paper experimentally investigates inertial droplet mixing in micro flows. A high speed, gaseous flow is used to detach, transport, and collide droplets of nanoliter-size volumes in standard T and Yjunction microchannel geometries. Mixing rates are quantified using differential fluorescent optical diagnostics. Measured droplet mixing times are compared to the characteristic time scales for mass and viscous diffusion and bulk convection. Results show that mixing times are decreased as the droplet inertia is increased, indicating the potential benefit of inertiadriven mixing.
INTRODUCTION
The turbulent flow regime exploited at the macroscale to promote mixing is difficult and impractical to achieve in microfluidic devices due to conflicting length scales, dominance of surface forces, and the resulting low Reynolds numbers characteristic of conventional micro flows. The success of the next generation of Lab-On-a-Chip (LOC) and Micro Total Analysis Systems (μTAS) is dependent upon achieving fast mixing rates using practical and highly adaptable techniques. Scientific understanding of chemical reaction mechanisms requires that molecular mixing be faster than the reaction kinetics under investigation. Proteomics is another emerging application for microfluidics that also requires substantial improvement in fluid mixing rates to accurately examine biological assays. As such, there is currently a push from these industries to achieve mixing rates that are on the order of microseconds for detectable sample volumes.
A number of techniques have been successfully demonstrated that significantly improve mixing rates for micro-scale flows. Such methods can be categorized as passive and active techniques. A formal review of such mixer technologies is presented by Nguyen [1] . Passive micromixers utilize microchannel geometry (chaotic advection) and stream thinning (hydrodynamic focusing) to improve mixing rates. State of the art devices in this category have achieved mixing times on the order of micro-seconds for femto-liter volumes [2] and milliseconds for nanoliter volumes [3] . Active mixers use external flow disturbances to promote mixing. Although not inclusive, such mixers use lasers [4] , electric and or magnetic fields [5] , or mechanical agitation [6] . Mixing times in the range of milliseconds to seconds have been achieved using active methods.
Given the wide range of mixing techniques currently employed, no one method completely satisfies all metrics required to meet the current demands of the next generation of μTAS and LOC devices. These metrics include high mixing rates, increased detection sensitivity for downstream components, high throughput, fluid compatibility, and straightforward integration and implementation. Because mixing time is proportional to the square of the characteristic length scale, reducing the length for mass diffusion significantly increases the mixing rates. A physical reduction in the system length scales, however, results in detectionlimited volumes and decreased throughput. Instead, the most effective micromixers reduce the length scale for diffusion by inducing a flow patterns that continually stretch, fold, and swirl the scalar field (concentration, temperature, etc.). This process exponentially reduces the effective length over which mass diffusion must occur. The challenge is inducing these flow patterns quickly and controllably.
An alternative to existing mixing technologies that potentially satisfies the metrics outlined above is an inertial-based droplet micromixer, as shown in Figure 1 . This system promotes mixing by utilizing the inertia of two approaching droplets. The high speed gas flow detaches discrete liquid volumes from two opposing legs of a standard or modified T-junction through a combination of viscous and inertial forces. Each liquid volume is delivered to a common collision zone and the opposing liquid volumes are allowed to interact under highly inertial conditions. The rapid droplet detachment rate ensures frequent droplet collisions. The coalesced and mixed solute volume is removed through a common exit channel.
Experimental results presented herein show that mixing times on the order of microseconds for liquid volumes in the nanoliter range are achievable using this technique. Mixing rates are increased because the direction of fluid advection and molecular diffusion are continually rearranged while the inertia is dissipated through viscous dissipation. This contrasts parallel flow mixing schemes such as flow focusing. It is therefore proposed that the droplet mixing time should be inversely proportional to inertia and mass diffusivity while proportional to viscosity, such that:
In this relation, α and β are positive numbers, Sc is the Schmidt number (ratio of viscous to molecular diffusivity), and Re is the Reynolds number (ratio of inertial to viscous forces). Note that the ratio of Reynolds and Schmidt number gives the Peclet number (Pe). Equation 1 can be written as a ratio of fluid properties and the Peclet number. Assuming 2 ssuming a square dependence on Peclet number, increasing e droplet relative velocity by a factor of two would decrease g rates are quantified using differential fluorescent easurements where opposing droplets are doped with range of droplet ynolds numbers are presented, an order of magnitude rior to device microfabrication, the microchannel geometry ion arrangements A th the mixing time by a factor of four for an inertia dominated process.
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Mixed Solute m different fluorophore concentrations. The fluorophore electrons absorb light at a particular wavelength, are excited to a higher energy level, and quickly return to the ground state by emitting a lower energy wavelength signal. The intensity of the emitted signal is related to the volumetric concentration of fluorophores. After proper color filtering, this signal is captured digitally at prescribed time intervals using a high speed, CMOS camera. On the onset of mixing, there is a large spatial gradient in fluorescent intensity due to the differing fluorophore concentrations in the two liquid volumes. The spatial intensity distribution becomes more uniform as mixing progresses. Post processing algorithms are used to track the fluid volumes and to perform statistical analyses of the spatial intensity distribution for each image frame.
Once mixing times for a representative Re analysis is then conducted to understand the significance of the experimental results. Three different time scales are compared to the actual mixing time: molecular diffusion, viscous diffusion, and convective transport. The analysis indicates that the mixing time, although less than, is of the same order as the convective transport time scale for the range of Reynolds numbers considered. Compared to the time scales for molecular and viscous diffusion, the mixing time was an order of 10 6 and 10 less, respectively. Scaling arguments are then made that show that the ratio of the effective diffusion to droplet length scale is proportional to Pe -½ .
DEVICE DESIGN AND FABRICATION
P was designed. A number of different collis were tested that included a standard head-on T-junction, a modified reduced area T-junction (nozzle), and different Yjunction configurations, as shown below in Figure 2 . Substantial testing of each design showed that the Y-junction promoted increased collision rates and facilitated easier mixed solute removal from the collision zone. The T-junction suffered from solute collection at the collision zone and the nozzle geometry elongated and deformed the droplets prior to collision due to the reduced flow area. Thus, the results presented in this paper focus only on the Y-junction geometry. to the liquid injection site here detachment occurs was designed such that fully ted with PDMS using soft thography techniques. The fabrication process involved he microfluidic test bench used to investigate droplet ous flow consists of a host of The channel length leading up w developed Poiseuille flow is achieved for the range of gas Reynolds numbers considered. Sufficient length was then added past the injection site such that the droplet growth and detachment process occurs unhindered by downstream channel features and so that the droplet achieves steady velocity prior to collision. Large plenums of 4mm diameter were added to the air and liquid inlets to facilitate the integration of gas and liquid tubing ports. Channel dimensions range from hydraulic diameters between 50 to 80μm. The depth of the microchannel was varied from 50 to 90μm. The common exhaust channel width was maintained at 2 times the individual transport channel width.
The microfluidic device was fabrica li creating a negative mold of the microchannel geometry on a silicon substrate using a negative near UV photoresist. The thickness of the resist dictates the microchannel depth. Once the negative microchannel mold was complete, the two-part PDMS solution was prepared and poured onto the mold. The assembly was then cured and the elastomer was pealed from the silicon substrate. The process was completed by integrating the gas and fluid ports and bonding the individual devices on a PDMS coated slide glass.
EXPERIMENTAL SETUP
T dynamics in high speed gase transducers and data acquisition equipment, pressure regulators, a syringe pump for liquid injection, an inverted microscope for magnification, and a high speed, 12 bit, monochrome CMOS camera for visualization with an image acquisition rate of 10kHz at a pixel resolution of 512x384. The camera Gas and liquid flow rates and inlet pressures were monitored, controlled, and recorded for post data processing. A schematic of the setup is shown in Figure 3 . The inverted microscope was retrofitted with an e and filters. The specification of the optics was determined by the particular fluorophore selected. For the tests presented herein, Pyrromethene 556 was used as the tracer dye. Pyrromethene 556 has maximum absorption near 500nm (blue) and maximum fluorescence near 535nm (green). As shown in the Figure 4 below, a clean-up filter is used to transmit only blue wavelengths from the white light source. The beamsplitter reflects the blue wavelengths onto the microscope objective. Fluorescent emission from the dye passes through the beam splitter and the signal is cleaned up using a narrow pass green filter. The assembly ensures that only the fluorescent emission is captured by the camera and that all other wavelengths are removed or reflected. 
Excitation
OPTICAL DIAGNOSTICS
Quantifying mixing in microfluidic device requires different techniques from those used at the macroscale. The small volumes in consideration (~10nL) an y fast time scales (~1μs) make optical diagnostics the obvious choice. Within this framework, a number of di egies have been described in the literature i techniques range from statistical treatm received signal [7] , typically a fluorophore e to power spectrum analysis [8] . Such methods ar ual physical measurements of f molecular diffusion but rather statistical treatment served ibution of a tracer dye. It h noted t utilization of fluorophore emission statistics for inferring mixing are sensitive to the orientation of the fluids to the optical plane [9] . Strategies do exist for measuring th tent of actual molecular diffusion
These rely on een reagents [10] . Use of ph liquid volumes prior to mixing luorophore concentration alculated based on the number of pixels luminated, the area of each pixel, and the depth of the It is important to note that the average intensity, based on the intensity distribution of both droplets, is not a constant during the mixing event. The average intensity of the combined droplet volumes ranges from 0.62 at collision to 0.9 when fully mixed. This is due to the non-linear variation of fluorescent intensity versus fluorophore concentration. Prior to the droplet mixing experiments, the fluorophore concentration was varied to understand how the emitted intensity changes with fluorophore concentration. The plot in Figure 6 illustrates d relativel f rat n great detail. These ferent st ent of some mission sig al, n e not act the extent o s of the ob as also been spatial distr hat the e ex using tracer dyes. monitoring the UV adsorption as an indication of the local ph level in a fluid stream which is representative of ntermolecular diffusion betw i measurements requires known or a steady flowing liquid stream such that the change UV adsorption signal is known ahead of time for fully mixed conditions. Implementing this procedure for droplet mixing would be tedious and questionable.
Unlike liquid-liquid steady flows, the nature of droplet mixing follows a Lagrangian perspective where a discrete volume of fluid is tracked in both space and time. This difference makes quantifying droplet mixing not as straight forward. There is no steady stream flow where a fully mixed channel position downstream is clearly identified and the mixing time inferred based on required channel length and bulk fluid velocity. Presented here is a simple and robust method for quantifying droplet mixing based on the statistical treatment of a fluorophore signal. The goal of this work is to understand how droplet inertia prior to collision complements the mixing process. Even though these measurements are not true measures of intermolecular diffusion, this strategy does provide a direct comparison of different flow conditions and channel geometries.
To illustrate this procedure, two droplets are allowed to interact at the apex of a Y-junction, as shown in Figure 5 below (the Y-junction geometry is shown in the first image rame). A droplet with high f f (1mg/mL) is perched at the apex and a second droplet of low fluorophore concentration (0.1mg/mL) approaches the collision zone from the lower left. The two droplets collide with a relative velocity in the 0.5m/s range. Upon collision, the relative kinetic energy is viscously dissipated and mixing is accelerated. Each droplet volume prior to and during collision is tracked and the volumetric fluorophore emission is for each image frame is statistically evaluated. The plot directly below the series of still images shows the time history of the intensity statistics (average intensity and standard deviation) as well as the total tracked volume. The spatial standard deviation is a maximum at the point of collision since there are two droplet volumes with significantly different uniform intensities. Mixing is assumed complete when the standard deviation reaches a minimum and is steady. Total droplet volume was c il channel. All data has been normalized by the maximum value. 
EXPERIMENTAL RESULTS
Because a high speed gas flow is used to detach and transport droplets, it is necessary to know how the detached droplet geometry changes with the air Reynolds number (based on the average gas flow velocity, channel hydraulic diameter, and gas viscosity). Experimental results showed that the nonhigher collision velocity and smaller droplet length is proposed, however, that mixing nder inertial conditions should significantly decrease the mixing time by orders of magnitude by reducing the length scales over which diffusion occurs. To achieve mixing times on the microsecond scale, 8 orders of magnitude reduction in total mixing time is required compared to a molecular diffusion-driven process.
To understand the dependence of droplet mixing time versus inertia, the Y-junction channel geometry depicted in Figure 2 were exercised using the optical diagnostic procedure previously outlined. The gas flow rate, and hence gas Reynolds number, was increased to produce smaller size droplets of increasing velocity. Image analyses of the frames just prior to collision were used to estimate droplet velocity and volume. This allowed determination of the droplet Reynolds number, defined as: ived cen nsity is ch dimensional droplet height and length (non-dimensionalized by the channel hydraulic diameter) varied inversely with Re Dh 1/4 for all channel aspect ratios considered. This implies that detached droplet volume decreases as the gas Reynolds number is increased. This trend is favorable for droplet mixing ecause b scales favor increased mixing rates under inertial dominated conditions. For purely diffusion driven mixing when no bulk velocity is present, the characteristic molecular diffusion time is proportional to the square of the characteristic diffusion length scale, L ch and inversely proportional to the diffusion coefficient, D. For Pyrromethene 556 in water, D is approximately on the order of 10 -11 m 2 /s. This implies that under purely diffusion driven mixing and using an assumed diffusion length scale of 70μm, the mixing process would be pproximately 8 minutes. It a u The relative droplet velocity (V rel ) was based on the head-on approach velocity. Since the collision geometry is based on a Y-junction, the head-on velocity is a fraction of the total droplet velocity. A standard T-junction, for instance, has a he characteristic droplet length is based on the total volume volume, the length scale for head-on velocity in the same direction as the approach velocity.
T for each droplet. Based on this each droplet was defined as:
The collision length scale for the collision is then specified as:
For two equal droplet volumes, the characteristic collision ength scale l is equal to the length scale for each individual droplet using this definition.
Experimental data of droplet mixing time versus droplet
Reynolds number is shown below in Figure 7 . The results show that mixing time is reduced with increasing droplet Reynolds number as initially proposed. The rate at which mixing time is reduced is not constant but increases with droplet Reynolds number. This suggests an increasing contribution of droplet inertia prior to collision. Note that each time scale is based on a representative length scale. The length scales for mass diffusion, convection, and viscous diffusion may differ. If the length scales are assumed equal and represented by the collision length scale, it is clear that the following is true:
It is not clear, however, where the actual mixing time resides within these limits. The convective time scale tends to infinity as the velocity is reduced and approaches zero if velocity is increased indefinitely. The upper limit for mixing is dictated by the mass diffusion time scale and the lower limit by the convective time scale. The role of viscous diffusion is to dissipate inertia and determines how long the swirling, stretching, and folding motion is maintained. Since mixing is accelerated by such motion, the role of viscosity may place a limit and mixing rates. By taking the ratio of measured mixing es with droplet Reynolds number. , an order of agnitude less than that for viscous diffusion, and five orders of magnitude smaller than that for mass diffusion. As the dro let Reynolds number increases, the ixing time to mass and viscous diffusion decrease while that for convection creases. The mixing time to convection ratio appears to time to the aforementioned characteristic time scales, insight is gained concerning inertial mixing. The plot in Figure 8 shows how each ratio chang At the low droplet Reynolds number range, the ratio of mixing time is on the order of that for convection m p ratio of m in reach a constant value past a droplet Reynolds number of 30 and suggests that the ratio becomes independent of droplet Reynolds number.
Non-dimensional numbers can be obtained directly from the characteristic time scales for mass diffusion, convection, and In this context, the Peclet number compares the relative magnitude of the mass diffusion time scale to convection. A high Peclet number indicates that the process is governed by convective effects and that mass diffusion is insignificant in the direction of bulk fluid motion. This is typically the case for fully developed duct flows. In the context of this work, the Peclet number is of the order of 10 5 and suggests that the convection time scale dominates.
The ratio of viscous to mass diffusion time scales gives the Schmidt number:
The Schmidt number compares the magnitude of viscous diffusion to mass diffusion. In a high Schmidt number process, momentum diffusion occurs much more rapidly than mass diffusion and conversely in the low Schmidt number range. The Schmidt number for the droplet mixing study is on the order of 10 4 and 2 indicates that the viscous time scale is gnificantly less than that for mass diffusion. C not be the appropriate choice since it does not capture the role of molecular diffusion. All macro and micro scale mixing eventually becomes a mass diffusion process once the length scale is substantially reduced. This is the inherent benefit of chaotic advection and flow focusing applications where the geometry and flow patterning increase mixing rates by reducing the length over which diffusion occurs. By equating the measured droplet mixing time to the diffusion time scale, an effective diffusion length scale results. This length scale can be viewed as the maximum length scale for mass diffusion to achieve the meas d In the relation, ρ and σ are the fluid density and surface tension, respectively. For unconfined droplet collision, Weber numbers greater than 20 results in droplet breakup [16] . There is to date no experimental study that examines inertial droplet breakup in a confined microchannel. For liquid droplets in a should suppress droplet breakup such that discrete droplet volumes are maintained for Weber numbers larg gaseous microchannel flow, the droplets are in direct contact with portions of the channel walls. These confined interactions er than that redicted for unconfined flows. For the droplet length and e time of collision can be creased by a factor of two before the Weber number reaches a value of unity. Assuming the ratio of mix to convection time scales is maintained, the mixing time would be reduced b half.
his paper describes an experimental investigation of droplet To gain insight into the experimental mixing results, th measured mixing time was compared to the relevant syste me scales for mass diffusion, momentum diffusion, and p velocity scales examined in this work, the Weber number ranged from 10 -2 to 10 -1 . For a fixed droplet length scale, this suggests that droplet velocity at th in CONCLUSION T mixing in a confined microchannel flow under inertial conditions. A high speed gaseous flow is used to detach and transport discrete liquid droplets to a collision zone where the droplets collide, coalesce, and mix. Mixing rates are determined based on the spatial intensity distribution of a tracer dye. Mixing times on the order of 600μs have been demonstrated using the technique for nano-liter droplet volumes. e m ti convection. The analysis revealed that as droplet inertia is increased (Pe, Re >> 1), the ratio of mixing to convection time obtained a constant value of order 10. This implies that the time to mix two droplets cannot exceed the time required for a droplet to transverse its length scale when inertia dominates. In contrast, the ratio of mixing to viscous and mass diffusion times were nearly constant in the low droplet Reynolds The results were further exercised to show how the effective length scale for mass diffusion decreased with increasing droplet inertia. By taking the ratio of the effective mass diffusion length scale to the characteristic droplet length scale results in a Pe -½ dependence as droplet inertia is increased. This result was further extended to show that the ratio of effective to actual mass diffusivity was directly proportional to e Peclet number. Thus, the net result of inertial mixing is a decrease in the effective diffusion length scale or an increase in the apparent mass diffusivity. For the range of Peclet numbers considered in the work, the apparent mass diffusivity increased by a factor of 10 5 . Additional test are needed to verify if this trend persists at Peclet and Reynolds number outside the range consider in this study.
These results suggest that there is significant potential for increasing droplet mixing rates in a confined microchannel simply by increasing droplet inertia prior to collision. The limiting factor may be the onset of droplet breakup, which occurs once the inertial force exceeds the surface tension force that maintains the discrete droplet volume. The Weber number gauges the magnitude of inertial to surface tension forces. The fastest mixing time achieved during these experiments was approximately 600μs for a Weber number of 0.3. Assuming droplet breakup occurs at a Weber number of unity and maintaining a constant length scale on the order of the channel hydraulic diameter, the relative collisional velocity can e creased by a factor of two before the onset of breakup occu l to llisio actor f two. This is a conservative estimate since the presence of t breakup to a much higher rs. Since the mixing rate is directly proportiona n velocity, the mixing time can be reduced by a f co o channel walls suppresses drople degree than unconfined droplet collisions. The ability to verify this hypothesis in the laboratory is limited by the optical diagnostic hardware used to quantify mixing rates. As camera frame rate is increased, the received fluorophore emission signal and the ability to resolve temporal changes in the spatial intensity distribution decrease.
